A passively mode-locked Nd:Glass laser oscillator optimized for TEM 00 selectivity and long term stability and reliability is presented.
"!" Introduction sively mode-locked Nd:Glass laser oscillators are used extensively as a of high pmver picosecond light pulses [1] . Limiting this laser oscillator I to tl1e TEM 00 transverse mode is desirable because the TEM 00 transverse mode produces a uniform and uniphase radial intensity profile, the smallest beam divergence, and t power density [2] . Unfortunately, passively mode~locked Nd:Glass "lasers res exclusively to TEM 00 operation are notoriously unstable, unreliable di cult to align,
Although the generation and applications of passively mode-locked picosecond n pulses has been revievved [3, 4] and passively mode-locked Nd:Glass picosecond pt,(lses have been studied [5, 6] , an optimized, detailed design for a stable, reliable and TEM 00 selective passively mode-locked Nd:Glass laser oscillator has never been presented, This is particularly unfortunate, because minute details can make extraordinary differences in the laser's performance [7 .8.9] , Therefore, ~nowledge of a detailed design is extremely important to the user of TEM 00 selective, passively mode-locked Nd:Glass lasers.
In this paper, we report on the design. operation, and performance of a passively mode-locked Nd:Glass laser oscillator which produces essentially bandwidth-limited 5 picosecond pulses and has been optimized for TEM 00 selectivity and long term s ility and reliability. We discuss the important aspects of the design in detail, with special emphasis on the reasons for the design, Because many of the design criteria are not limited to the passively mode-locked Nd:Glass laser, paper should also be usefu·l to i gners of other 1aser systems. In addition,
we include a detailed alignment procedure because proper alignment is critical for s le 9 reliable and TEM 00 selective laser operation. In to surmount these difficulties, we carefully considered each aspect the passively mode-locked Nd:Glass laser. Our design criteria were optimum s lity, reliability, and TH1 00 selectivity, as well as minimum pulse duration.
Laser Cavity
Calculations have demonstrated that TE1·~0 0 transverse mode selectivity is strongly dependent on resonator geometry. TEM 00 selectivity, using either diffraction or aperature loss mechanisms, is greatest for a confocal or half-confocal resonator and smallest for a plane-parallel resonator [19] , Although confocal and half-confocal resonators are on the edge of stability [20] , near confocal or near half-confocal resonators are stable resonators and have also displayed more reliable mode-locking than plane-parallel resonators [7] . Therefore. the optimized laser oscillator cavity is a near half-confocal optical resonator. The front output mirror has a 3 meter radius of curvature and a 60% reflectivity at 1.06 micron. The back mirror is flat and has a 99.7% reflectivity at 1.06 micron [21] . The cavity length is 140 centimeters. The front mirror's relatively high 60% reflectivity reduces the lasing gain threshold and lowers the energy stored in the Nd:Glass laser rod which minimizes This allows a larger active volume of the laser rod to be utilized.
Accurate-alignment is crucial for stable and reliable TEM 00 operation. For precise and easy alignment, the laser head sits in a stainless steel carriage which is attached to an adjustable stainless steel housing (see Figs. 2 and 3). The carriage allov1s the laser head to be rotated to align the rod 1 s Brewster angle.
The housing can move angularly by pivoting on a central point. The angular alignment is secured by tightening a machine screw which is positioned in a slotted arc connected to the housing. The housing lifts the laser head vertically by means of four adjustment screws which move through four tapped holes in the carriage base plate.
The housing translates the laser head laterally by means of four adjustment screws vJhich secure a lateral position inside tvJO sideboard runners. This adjustable housing desjgn facilitates accurate and rapid alignment of the laser head.
Flashlamp Driving Circuit
Efficient flashlamp pumping is necessary to minimize thermal distortions in the laser rod which can lead to unstable and unreliable oscillator performance.
The most efficient flashlamp driving circuit is determined by: the type of flashlamp; the discharge energy; the discharge pulsewidth; and the circuit damping parameter [26] . Several studies have shown that satellite pulses are avoided [5, ,29 ] and ~ode-locking is more ~eliable [. 5. 8, 29 ] when the dye cell is in contact with one of the resonator 1 s mirrors, In addition, several investigations have determined the relationship between dye cell length and pulse duration [6, 29] . These studies have revealed that short. dye cell lengths produce the shortest mode-locked pulses. Therefore, the mode-locking dye sits in contact \'lith the. back rnirror. The dye cell is defined by the back mirror, tvJO narrow teflon shims \"'ith a thickness of 300 microns, and a wedged optical flat with anti-reflection coating for 1,06
micron on the surface in contact with the dye. The actual dye cell length is probably 300 microns since the tv-10 teflon shims are pressed very tightly between the two glass plates. An illustration of the dye cell assembly is shown in Figure 4 .
The mode-locking dye cell assembly is constructed entirely of stainless steel in order to minimize thermal instabilities.
The recovery times of saturable absorber dyes commonly used to mode-lock -1.06 micron have been determined [30] . Eastman Kodak Q-switch dye #9860 has the fastest recovery time,~= 7 ~ 1 picosecond [30] . Because pulse duration is a function of the absorber recovery time, Eastman Kodak Q-svlitch dye # 9860 in Eastman Kodak Q-switch 1 ,2-dichloroethane was used as the mode-locking dye solution.
Experience has shmvn that the Q-svJitch dye is more stable and reliable if the 1,2-dichloroethane is first purified by passage through a column of basic aluminum oxide and then filtered through a 0.45 micron pore size Hillipore filter to remove tho residual aluminum oxide particulates [31] .
The most reliable operation from mode=locking qye solutions occurs when the dye is circulated through the dye cell from a large reservoir [32] . This arrangement provides fresh dye for each laser pulse, assures uniform mixing and constant concentration of the dye, and minimizes thermal effects in the dye cell [33] . The 1.2-dichloroethane is added to a resevoir which is connected to the dye cell and I a variable speed magnetic drive gear pump [34] , The total volume of the dye cell.
tubing. pump and reservoir is approximately 70 milliliters. Inert, baffled, 1/4 inch tubing [35] is used to connect the reservoir, pump and dye cell. and also to quench vibrations from the pump which can couple into the cavity and lead to mechanical instabilities.. In.addition. the pump is turned off approximately five-seconds before the laser fires to minimize the disturbance from the flowing dye.
Studies have shm>Jn that mode-locked pulse durations are the shortest whe:1 T.
the saturable absorber's low light level transmittance, is as high as possible [8] .
We have also determined that the most reliable and reproducible pulse trains occur when the dye solution has an optical density of 1.08 ~ 0.02 at a 1.06 micron wavelength in a 0.5 centimeter spectrophotometric cell. This corresponds to the relatively high transmittance of 75% (double pass) in the ~ 300 micron dye cell.
Therefore, after filling the dye solution system with 1,2-dichloroethane, Kodak dye# 9860 ·is slowly added to the 1,2-dichloroethane until the solution has an optical density of 1.08 + 0,02 at a 1.06 micron wavelength in a 0.5 centimeter spectrophotometric cell. For reproducible. reli le operation. this dye solution should be changed every day, 10- 7. Oscillator Frame Construction t~1echanical and thermal stability are crucial for long term oscillator reliability and stability. Tnerefore~ the optimized laser oscillator is stabilized by four 1-1/8 inch diametet invar rods [36] . These rods are connected to two l/2 inch thick stainless steel endplates and two 3/8 inch thick stainless steel support plates. The invar rods feed through .1 1/8' inch holes iin the stainless steel p·l There is minimal clearance through these holes and initial assembly is difficult because the plates bind unless they remain perpendicular to all the invar rods. After assembly, hm>Jever, the fra1ne is very rigid. Stainless steel set scre1·1s
provide additional stability. All parts of the laser oscillator are constructed of stainless steel whenever possible to minimize thermal instability. The invar stabilized os llator frame is illustrated in Figure 5 .
Oscillator Frame Connection to the Optics Table
The oscillator frame rests on four stainless steel ball bearings. These 11 bearings help to decouple the oscillator from the optics table and also allow the oscillator frame to move freely to relieve possible strain which could lead to oscillator instabilities [37] . One ball bearing sits securely in a hole. Two ball bearings sit in channels which allow for either x-axial or y-lateral movement. The fourth ball bearing sits on a plane which allows both x andy freedom. This design is illustrated in Figure 6 .
The ball bearings sit on plates which are mounted to a 160 centimeter Gaertner
Corporation precision lathe bed optical bench [38] . The inside housing of the Gaertner lathe bed optical bench is lined with lead bricks to provide enhanced stability. 
Alignment Procedure and Aperature Placement
A proper alignment procedure can lead to rapid and reliable operation of a TEM 00 passively mode-locked Nd:Glass laser oscillator. The following alignment· proceJure has evolved over the last several years and has been very effective.
Refer to Figure 7 during the following discussion. 
